It has become increasingly evident that the foliar application of urea to many different plants represents an extremely valuable nutritive technique. The urea is absorbed, as such, by the leaf cells and is then presumably hydrolyzed by cellular urease to carbon dioxide and ammonia. Unfortunately, our knowledge of urea metabolism in plants, based on actual experimental evidence, is very small. Especially lacking is information on the effect of urea nutrition on cellular nitrogen metabolism. In this connection it should be pointed out that evidence for the universal occurrence of even the presumed first step in the metabolism of urea, its hydrolysis to carbon dioxide and ammonia, is not at all clear. For example, Walker (6) has reported that Chlorella cells grown with urea as the sole nitrogen source contain no detectable urease. In spite of this they assimilate urea readily and grow, with a concurrent increase in their levels of cellular arginine and argino-succinic acid. Likewise, Williams and Sharma (8) have reported that urease essentially disappears from seedlings of Citrullus vulgaris within nine davs of germination.
In contrast, Hinsvark et al (2) have concluded from isotopic studies that the leaves of a number of higher plants hydrolyze urea readily. It seems, therefore, that further knowledge of the metabolic fate of urea in plant cells is needed. This problem has recently been investigated by Boynton et al (1) who have reported that treatment of apple leaves with urea results in increased levels of total, amino, and amide nitrogen. The present communication reports the results of a study carried out on the metabolism of urea-C14 in leaves of bean plants.
EXPERIMENTAL MATERIAL AND METHODS
The experimental material (Phaseolus vulgaris) was grown in the manner described by Rogers (5) . Thirty grams of young leaves were detached from the plants and mechanically agitated under weak (50 fc) white light at 230 C for six hours while completely submerged in 200 ml of 0.01 M urea-C14 having a total activity of 1 mc. In a parallel experiment, 30 gm of young leaves were incubated with 0.01 M NaHC1403 with a total activity of 1 me in a solution containing 0.01 M NH4Cl. The incubation was stopped by quickly freezing the leaves in a mixture of solid carbon dioxide and acetone. Out of a total of 2,220,000,000 ets/min in each incubation solution, the leaves absorbed a total of 15,300,000 cts/min from the urea-C14 solution and 28,500,000 cts/min from the NaHC1403 solution. The leaves were ground in a Waring blendor with 100 ml of water, filtered, and the heavy cellular particles sedimented at 18,000 x g. The remaining clear supernatant was treated with two volumes of acetone to precipitate protein. The protein was sedimented by centrifugation in a Servall refrigerated centrifuge. The protein-free supernatant was reduced to a small volume in a low temperature rotating evaporator. The protein obtained by acetone treatment was combined with that of the sedimented cellular particles and the total protein hydrolyzed in a sealed tube at 1500 C with 20 % HCl. To the amino acids obtained from both the cellular extracts and the protein hydrolysates, a mixture of 17 carrier amino acids was added. The amino acids were separated either on a Dowex-50 column or on a combination of ion exchange columns by the method of Hirs, Moore and Stein (3) with the aid of an automatic fraction collector (Autonomos Instruments, Columbus, Ohio). The two ml fractions were evaporated to dryness on copper planchets, and the radioactivity of each determined with a Nuclear-Chicago G-M tube and a -Model 183 scaling unit equipped with an automatic sample changer. The amino acids eluted from the column were identified not only by their appearance at the elution points given by Hirs, lIoore and Stein (3), but also by comparison of the paper chromatographic behavior of each extracted amino acid with the behavior of authentic samples of amino acids. Amino acids were quantitatively determined with ninhydrin after chromatographic separation as described previously (8). This technique serves also to determine glutamine and asparagine.
RESULTS
The incorporation of the carbon of NaHC1403 and and of urea-C14 respectively into the free amino acids of bean leaves after 6 hours is presented in table I. In general agreement with the results of Racusen and Aronoff (4), the greatest amounts of radioactivity in the free amino acids are found in aspartate, glutamate, asparagine, glutamine, serine, glycine and alanine. Only negligible radioactivity is present in the other free amino acids in the leaves. It is of interest to note that the total activity incorporated into each of the free amino acids is greater in the case of incubation with urea-C14 than with NaHC1403 plus NH4Cl. This occurs despite the fact that more radioactivity from NaHC1403 is taken up by the cells than from urea-C'4. The radioactivity of NaHC'403 appears to a much greater extent in sugars and starch, however.
The incorporation of the carbon-14 of the two assimilated substances, urea and bicarbonate, into the protein-bound amino acids is also presented in It should be noted that in both the free and protein-bound amino acids, the general pattern of activity is the same whether the radioactive carbon is assimilated from NaHCO3 or from urea. This is consistent, in agreement with the conclusion of Hinsvark et al (2) , with the idea that the first step in urea metabolism in these leaves may be its hydrolysis to CO2 and NH3.
There are, however, several differences in the response of the bean leaves to the carbon of CO2 and of urea. While a fairly large amount of free urea accumulates in the tissue during incubation with urea-C14 (table I), no detectable radioactive urea is formed during the metabolism of C1402 and NH3 by the leaves. If the ornithine cycle operates in plants as Racusen and Aronoff (4) have suggested, then the urea produced from the action of the cycle does not accumulate to detectable levels. Alternatively, the reactions of the cycle may occur only in part and without actual cycling (for example, as a system for the synthesis of arginine).
In agreement with the radioactivity measurements given in table I, urea causes higher levels of free glutamate, aspartate, serine, glycine and alanine than does a mixture of NaHCO3 and NH4Cl (table II) . That this increase is not due to an enhanced breakdown of protein is indicated by the finding that the level of protein in leaves treated with urea is also slightly higher than in the leaves given NaHCO3 and NH4Cl. In contrast, the levels of glutamine and asparagine are markedly lower after urea treatment than after treatment with NaHCO3 and NH4Cl. DISCUSSION
The most important result of this investigation is the demonstration that the pattern of incorporation of the carbon of urea is essentially the same as that of the carbon of NaHCO3. This suggests that urea may be metabolized in bean leaves by its hydrolysis to CO2 and NH3.
The quantitative differences in incorporation from the two substrates into amino acids, protein and amides would appear to be a reflection of the fact that urea is obviously (table I) hydrolyzed more slowly than it is absorbed, with the result that the CO2 and NH3 made available to the plant by urea hydrolysis are released at a slow but steady rate. In contrast, the mixture of NaHC'403 and NH4Cl gives a large increase in ammonia concentration as soon as it is absorbed. It is well established that such an increase (above that which the cell can use for amino acid synthesis) is generally conjugated by the cell in the form of glutamine and asparagine. The differences in the levels of total amino acids and amides observed here would appear to be most probably the result of the differences in ammonia levels in the cells as a result of rate limitation by urease activity.
SUMMARY
The incorporation of the carbon of urea-C14 into amino acids has been demonstrated in bean leaves. The pattern of incorporation is almost identical to that obtained with NaHC1403. Incubation of bean leaves with urea for a six-hour period results in a higher amino acid and protein content than is obtained with a mixture of NaHCO3 and NH4Cl. Higher levels of glutamine and asparagine are obtained with NaHCO3 + NH4Cl, however. of air, and is selective for mercury vapor in the presence of materials which interfere with other standard spot tests for mercury referred to above.
MATERIALS AND METHODS
The assay is patterned after that developed by Addicott et al (1) and involves the use of explants from trifoliate leaves of Pinto beans. The explants are of two types: (a) the pulvinus and 10 mm of the petiolet of the central leaflet and (b) the 2 pulvini of the lateral leaflets and the attached 10 mm of the petiole of the trifoliate leaf. The two types of explant respond in the same manner to mercury vapor and are used in pairs in the assay. Thus each trifoliate leaf provides material for three possible abscissions. The stalks of the explants are placed directly on 3 % water agar in a Petri dish in which a central channel has been cut out and over which the pulvini are placed. A source of mercury vapor is placed in the dish out of contact with the explants and the Petri dish is sealed with a wide rubber band to prevent loss of mercury vapor. After incubation in daylight for 3 or 4 days at room temperature (ca 240 C), the terminal portion of the control explants
